Purpose Among the many publications on the environmental life cycle assessment (LCA) of transport, there are only a few examples of works dedicated to means of internal transport. For this reason, it was decided to gather energy-oriented inventory data and to assess the environmental impact related to the operation of selected forklift trucks, as the most commonly used means of internal transport. This paper presents the main assumptions and the results in relation to the four phases of LCA: the goal and scope definition, the life cycle inventory, the life cycle impact assessment results, and the interpretation. Methods Ten forklifts with different engines were selected in order to carry out the life cycle assessment study. The research was based on the results of measuring the operating fuel consumption and exhaust gas emissions, conducted using the SEMTECH-DS mobile device from the PEMS group of devices. In order to make the measurements under a circumstance close to the real conditions of forklift exploitation, it was decided to slightly modify the operating cycle proposed in VDI 2198. The environmental impact of the fuel/electricity usage and exhaust gas emissions was assessed using the ISO 14040x guidelines and the IMPACT 2002+ method. Results and discussion The study showed that using an electric forklift to transport 1 t of payload over a distance of 1 km has a significantly smaller environmental impact than using one of the selected forklifts powered by an internal combustion engine. Using forklifts powered by liquefied petroleum gas (LPG) engines leads to a significantly higher environmental impact whilst the use of vehicles with diesel engines has an impact at a level several times lower. In a case of drives without load, where functional unit was defined as covering 1-km distance with no vehicle load, a lower impact for the electric vehicles was also obtained. The analysis includes the influences of the upstream processes of fuel and electrical energy production. Conclusions Even when Poland's production scenario (based almost entirely on fossil fuels) is taken into consideration, the electric forklifts still show a clear advantage. It should be expected that, if the technological mix of electrical energy production for countries with a higher share of renewable or nuclear energy were to be taken into account, the environmental indicators for electric vehicles would be even lower. It is worth noting that only the energy aspects of forklift operation were analysed. Further studies aiming to collect inventory data relating to other exploitation aspects, as well as the production and utilization of the same vehicles, are planned as a continuation of this research.
Introduction
The implementation of internal transportation processes is an important area of business for many companies (Seidl and Dvo ák 2011) , regardless of their size and profile. The economic costs of use of internal transport are a typical component of the companies' accounting (Masztelarz 2010; Michałowska 2013) , whereas the environmental consequences associated with it are often overlooked. In many cases, especially in small and medium organizations, there is a lack of awareness of the necessity to pay the environmental fees incurred by the exploitation of internal transport means, which apply particularly to off-road vehicles, such as forklifts, excavators or loaders. To assess the environmental impact of transport processes, one can use the environmental life cycle assessment (LCA), which is a normalized and accepted worldwide environmental management technique, and which includes 'the compilation and evaluation of the inputs, outputs and potential environmental impacts of a product system throughout its life cycle' (ISO 14040 2006; ISO 14044 2006) . In this article, the life cycle inventory (LCI) and life cycle impact assessment (LCIA) results are presented for the use of selected forklifts, as the most exploited means of internal transport. The following arguments can be made in support of choosing this topic for research:
& There are many examples of LCA studies regarding various aspects of transport; these aspects include, for example, the life cycles of vehicles or their components (Puri et al. 2009; Amatayakul and Ramnas 2001; Schmidt and Butt 2006; Finkbeiner et al. 2006; Howe et al. 2013) , their exploitation (Querini et al. 2011; Koffler and Rohde-Brandenburger 2010; Bartolozzi et al. 2013; Patterson et al. 2013) , or matters connected to the use of transport infrastructure (Changa and Kendall 2011; Huang et al. 2009; Yu and Lu 2012; Butta et al. 2012; Du and Karoumi 2012) . In most cases, however, they relate to transport outside of the business premises. It was noticed that there are only a few reports on LCA in relation to means of internal transport (Takehisa 2002; Toyota 2003; Jungheinrich 2010) . & Currently, the work of the International Organization for Standardization is being carried out (ISO/TC 207/SC 5-life cycle assessment) to develop guidelines for the implementation of LCA for the organizations (ISO/NP TS 14072), and similar work is being undertaken by SETAC/UNEP (Life Cycle Initiative, 2012 -2016 . Additionally, since the 1st of November 2013, the environmental footprint pilot phase for products and organizations has been initiated. This means that, in the future, LCA will cease to be a technique dedicated only to products and services, as there will also be formal guidelines for the implementation of this kind of approach to the organization itself. Additionally, this means that the possible subjects of LCA studies will also include the various areas of an organization, in which the implementation of internal transport processes can be regarded as an important element. & A lack of inventory data within LCA databases in relation to the use of forklifts has been identified. The newest version of the ecoinvent database v.3 (Ecoinvent 2013 (Ecoinvent , accessed 2015 only includes inventory information relating to tractors, trailers and loaders, whilst the public ELCD database (prepared by the Institute for Environment and Sustainability, Joint Research Centre) can only provide data for excavators and mining trucks (ELCD 2013 (ELCD , accessed 2015 . In the few examples of LCA research on forklifts undertaken by the manufacturers (Jungheinrich 2010) , the exhaust gas emissions were not measured, and the calculations were instead made based on conversion factors, i.e. the CO 2 conversion factors for each type of fuel. Moreover, in the general LCA databases (Ecoinvent 2013; ELCD 2013) , there are inventory data available for the combustion of fossil fuels in the internal combustion engines of passenger cars (fuel consumption, emissions to air, water and soil), which correspond with the engines used in the forklifts selected for analysis. However, these data were calculated for personkilometre, so the unit used is for passenger transport, not goods transport. Additionally, the parameters of the operating engines used in passenger cars vary from the parameters of the engines used in forklifts. As a result, the data are hard to apply to off-road vehicles. As there are only a few previous examples of LCA studies conducted on off-road transport, and a lack of relevant information in the databases, steps have been taken to collect inventory data on the energy/fuel consumption and exhaust gas emissions into air of selected forklifts, as well as to determine the resulting impact on the environment. The data were obtained with the use of the latest testing technology for internal combustion engines, i.e. in the real conditions of exploitation, the engines were subject to calculations in units commonly used in LCA studies.
Methods
The study used the life cycle assessment (LCA) approach. According to the ISO 14044 requirements (ISO 14044 2006) , an LCA study should include the following four phases: goal and scope definition, life cycle inventory, life cycle impact assessment, and interpretation. The life cycle impact assessment (LCIA) calculation was made in the SimaPro 7.1.8 Developer software using the IMPACT 2002+ method, which itself represents a combination of four different LCIA methods: IMPACT 2002+ (Jolliet et al. 2003) , Eco Indicator 99/E (Goedkoop and Spriensma 2000) , CML (Guinee et al. 2002) and IPCC (2007) .
For the measurement of harmful exhaust gases, the SEMTECH-DS mobile device was used. It belongs to the portable emissions measurement system (PEMS) group of devices, which allowed the concentrations of carbon dioxide (CO 2 ), carbon monoxide (CO), nitrogen oxides (NO x = NO + NO 2 ), total hydrocarbons (THC) and oxygen (O 2 ) to be measured (Fig. 1) . The measurement of CO and CO 2 was carried out using a non-dispersive infrared (NDIR) analyser, NO x was measured with a non-dispersive ultraviolet (NDUV) analyser, THC was measured with a flame ionization detector (FID) and O 2 was measured with an electromechanical sensor. The measuring ranges for the analysers were as follows: CO 2 -0-20 % (accuracy ±3 %); CO-0-10 % (accuracy ±3 %); NO x -0-3000 ppm (accuracy ±3 %); THC-0-10,000 ppm (accuracy ±2.5 %); and O 2 -0-20 % (accuracy ±1 %).
The device was equipped with its own meteorological station, enabling the measurement of pressure, temperature and air humidity. It was also equipped with a global positioning system (GPS) module which allowed to communicate with the vehicle's diagnostic system. The measurement of the mass flow of the exhaust gases was performed using a flowmeter, which operates on the same principle as a Pitot tube.
To assess the energy requirements of forklifts in conditions close to those of actual exploitation, within the framework of the specification VDI 2198 used by the manufacturers, an extra operating cycle was introduced (VDI 2198 (VDI , 2012 . This cycle provided 60 measurements of energy consumption in one hour. VDI 2198 defines the working cycle as a performance of the following tasks: approaching storage bay A with the cargo; lifting the load to a height of 2 m; lowering the cargo and backing the forklift out of the bay; approaching storage bay B located at a distance of 30 m from storage bay A; lifting the load to a height of 2 m; and returning the loaded forklift.
The test outlined in VDI 2198 reflects the conditions of exploitation of forklifts operating in a warehouse: moving between goods storage locations within the storage space (halls, racks etc.) However, intra-warehouse operations are not the only form of forklift usage. They are also employed to unload goods from a vehicle into a warehouse and vice versa. In this situation, the operating cycle of a forklift truck consists of carriage of the payload and so-called empty runs (with no load), and such cycles are common in logistics and warehousing centres (Zychowicz et al. 2008) . For this reason, it was decided to slightly modify the operating cycle proposed in VDI 2198 and develop a new operating cycle which would be an even more accurate reflection of the real conditions of forklift exploitation. The developed cycle consists of two phases: (i) transporting the load and (ii) an empty run (Fig. 2 ). It begins with the driver in the first bay, lifting a load (1) to the height of 1 m and then lowering the load again. The driver then leaves the bay with the load (2) and drives a distance of 30 m to the second bay (3). In the second bay, the driver removes the load (4), backs the forklift up (5) and returns to the first bay, following the same route, without the load. This course of action reflects the typical procedure of loading/unloading using the forklift.
All measurements of harmful exhaust gas emissions from the internal combustion engine forklifts were carried out in the open air in front of the warehouses. They were all made within a short period of time (September/October 2014) and in comparable weather conditions. For each analysed forklift, a total of ten measuring cycles (in accordance with the operating cycle shown in Fig. 2 ) were performed.
Goal and scope definition
The main objective of the study was to obtain data relating to the energy use of the exploitation of forklifts with different types of engines, based on measurements reflecting the real conditions of use, and to demonstrate these data in a manner appropriate to LCA research. The secondary aim was to determine the environmental impact of different types of forklifts associated with the performance of a functional unit. It was assumed that, considering the role played by forklifts in various transport processes, it would be best to convert the data into tonne-kilometres (tkm), as a unit of measurement of the transport work carried out by the freight carriers. The tkm unit is used in practice in freight transport and in LCA databases in relation to the carriage of goods (Spielmann et al., 2007) . At the same time, this approach is consistent with the most commonly performed engine analyses, whether the Fig. 1 The installation of the measuring equipment on a forklift truck conversion units used are g/km (emissions in relation to distance) or g/kWh (emissions in relation to power generated by the engine) (Fuc et al. 2013 ). In the case of the empty runs, the data were related to km. Accordingly, for the carriage of cargo, the functional unit was defined as the 'transport payload of 1 tonne over a distance of 1 km', whilst for empty runs the functional unit was '1 km distance with no vehicle load'.
Load

PEMS Analyser
The analysis was made within the scope of 'well -towheels', which means that included were the processes of production and transport of the fuel ('well -to -tank') and the environmental aspects directly connected to the fuel consumption ('tank -to -wheels'). The data concerning the fuel production and transportation were taken from ecoinvent 2.2 database.
For the analysis, seven forklifts were selected with internal combustion engines (four powered by liquefied petroleum gas (LPG) and three powered by diesel (DSL)) and three with engines powered by electric alternating current (AC), of which the general technical characteristics are presented in the Electronic Supplementary Material (Tables A and B). All the analysed forklifts showed a similar lifting height of 3000 mm and a 150-mm full free lift. The forklifts selected included vehicles with a 1.6-t capacity (types: LPG2, LPG3, LPG4, ELE2 and ELE3) and vehicles with a 3.0-t capacity (types: LPG1, DSL1, DSL2, DSL3 and ELE1), since vehicles with these parameters were the most widely used in Polish businesses (Widlak List 2013). All the analysed forklifts were brand new vehicles, produced by three leading manufacturers in the global market, whose combined share of the Polish forklift market in 2012 was 40 % for new vehicles and 33.5 % for used vehicles (Widlak List 2013).
Life cycle inventory 4.1 Inventory tables
In the case of the forklifts powered by internal combustion engines (Table 1) , the use of oxygen from the air was demonstrated (as an input from nature), as well as fuel consumption (as an input from the technosphere) and emissions of carbon dioxide (CO 2 ), carbon monoxide (CO), nitrogen oxides (NO x ) and hydrocarbons (THC) (as outputs to nature/emissions into the air). Because the SEMTECH-DS mobile device only allows hydrocarbons to be measured in general (i.e. total hydrocarbons), an average composition of the hydrocarbon emissions was assumed. For LPG engines, this meant the following: aliphatic alkanes (57 %), aliphatic alkenes (15 %), aromatic hydrocarbons (26 %) and acetylenes (2 %) (Merkisz and Kozak 2002) , whilst for diesel engines, the composition was assumed as follows: aliphatic alkanes (61 %), aliphatic alkenes (18.1 %), aromatic hydrocarbons (17.8 %) and acetylenes (3.1 %) (Carey and Cohen 1980; Hammerle et al. 1994) .
The first part of Table 1 shows the results of measurements for the part of the course with payload, i.e. per 1 tkm (transporting a payload of 1 t over a distance of 1 km), whilst the second part presents the results for the part of the course without a load, i.e. per 1 km (covering a distance of 1 km with no load). The values given in Table 2 are the arithmetic mean (x mean ) of ten measurements for each parameter, obtained using the SEMTECH-DS device.
The only energy inventory component associated with the use of electric forklifts, i.e. electrical energy consumption (as an input from the technosphere), is presented in Table 3 . The electricity consumption evaluated basing on the information taken from technical documentation (eg. travel speed with and without load). In case of one electric forklift (ELE2), the same values of the parameters were declared for travel with and without load, so the same electricity usage was assumed (Table 3) .
Data quality
In the case of the forklifts powered by internal combustion engines, the data obtained relating to their fuel and air consumption, and exhaust gas emissions can be regarded as being of good quality. The data were acquired with the use of the latest technology for measuring harmful exhaust gas emissions, conducted in the real operating conditions, i.e. in the place and at the time of the analysed transport processes' implementation. Because these measurements were made in ten repeating cycles, it was possible to determine the uncertainty results by calculating the standard deviation (σx) and the classic coefficient of variation . In most cases, low coefficients of variation were found (below 35 %), indicating poor dispersion and suggesting that the arithmetic mean values correctly reflect the studied parameters. Information on the energy consumption of the electric forklifts was obtained through calculations using the values given by the manufacturers in the vehicles' technical specifications. To calculate the environmental impact, inventory data-including resource extraction, processing, and the transportation of fuel, as well as the production of the electrical energy-were taken from the ecoinvent database. In terms of energy production, the data used corresponded to the electrical energy production scenario in Poland.
Life cycle impact assessment
The life cycle impact assessment (LCIA) calculation was made in the SimaPro 7.1.8 Developer software, using the IMPACT 2002+ method. In this section, the life cycle impact assessment results are presented, expressed as a single score (ecoindicator result) and as weighted impact category indicator results. In both cases, the results will be expressed in millipoints (mPt). During the interpretation of the LCIA results, the following principle is followed: the higher the positive indicator result, the more negative the environmental impact. Negative indicators are interpreted as environmental profit. A l i p h a t i ca l k a n e s g 0 . 8 6 1 . 1 6 3 . 8 3 2 . 2 4 0 . 9 3 0 . 6 3 0 . 4 2 A l i p h a t i ca l k e n e s g 0 . 
Carriage of payload
The obtained results show that, under the assumed conditions of the study, the fulfilment of a functional unit using forklifts powered by LPG engines leads to a significantly higher environmental impact (LPG1 = 2.217 mPt/tkm; LPG2 = 3.712 mPt/ tkm; LPG3 = 7.592 mPt/tkm; LPG 4 = 9.521 mPt/tkm), whilst the use of vehicles with diesel engines has an impact at a level s e v e r a l t i m e s l o w e r ( D S L 1 = 1 . 5 6 8 m P t / t k m ; DSL2 = 1.417 mPt/tkm; DSL3 = 0.767 mPt/tkm). The lowest values for the ecoindicator were obtained for the vehicles powered by electricity (ELE1 = 0.187 mPt/tkm; ELE2 = 0.103 mPt/tkm; ELE3 = 0.073 mPt/tkm). The average scenarios (LPG average, DSL average, ELE average), based on the average inventory data for all the forklifts of a single type, indicate a 4.6 times higher ecoindicator result for the forklifts powered by LPG in comparison to DSL, and almost 48 times higher in comparison to the electricity-powered forklifts (LPG average = 5.758 mPt/tkm; DSL average = 1.246 mPt/tkm; ELE average = 0.121 mPt/tkm).
In the results for the forklifts with internal combustion engines, the impacts generated within three emission impact categories dominate: carcinogens (LPG1 = 50.53 %; LPG2 = 39.71 %; LPG3 = 75.3 %; LPG 4 = 76.20 %; DSL1 = 48.23 %; DSL2 = 23.80 %; DSL3 = 29.34 %), respiratory inorganics (LPG1 = 14.8 %; LPG2 = 18.71 %; LPG3 = 10.74 %; LPG 4 = 8.98 %; DSL1 = 18.7 %; DSL2 = 32.89 %; DSL3 = 18.48 %), and global warming (LPG1 = 16.32 %; LPG2 = 19.71 %; LPG3 = 6.46 %; LPG 4 = 6 . 9 1 % ; D S L 1 = 1 6 . 0 6 % ; D S L 2 = 2 0 . 9 % ; DSL3 = 25.46 %). The fourth area in which an environmental impact is produced by forklifts with internal combustion engines is the non-renewable energy impact category, for which the average score is 0.58 mPt for LPG average (10.07 %) and 0.239 mPt for DSL average (19.22 %). The weighted impact category indicators for drives with load were presented in the Electronic Supplementary Material (Fig. A) .
In the average scenario ( Fig. 3) for forklifts powered by LPG engines (LPG average), the impact concerning carcinogens is equal to 3.888 mPt, which is equivalent to 67.53 % of the total impact caused by the implementation of a functional unit by the LPG forklifts. In the case of respiratory inorganics, the impact is equal to 0.673 mPt and consists of 11.69 % of the total ecoindicator result, whilst for global warming, it is 0.559 mPt (9.71 %). In the case of the averaged data for diesel-powered forklifts (DSL average), the impact in terms of carcinogens is equal to 0.435 mPt, which gives 34.90 % of the ecoindicator's total value; for respiratory inorganics, the impact is 0.3 mPt (24.11 %), and for global warming, it is 0.248 mPt (19.88 %). In the case of forklifts powered by LPG, the indicator results for the three outputrelated impact categories mentioned above amount, on average, to 89 % of the total environmental impact, while for the diesel-powered vehicles, their contribution is 79 %.
The results obtained for electric forklifts show a very small contribution in terms of carcinogens (average of 0.43 %), but the figures for the remaining three categories increase: respiratory inorganics (average of 0.035 mPt, which represents 29.18 % of all the impact), global warming (average of 0.044 mPt, which represents 36.11 % of the ecoindicator's total value), and non-renewable energy (average of 0.034 mPt, which represents 28.04 % of all the impact). The overall picture of the environmental impact is similar for all the selected types of forklift. It shows the predominance of output-related impact categories (in which the environmental mechanism is activated by emissions), especially those relating to the emission of inorganic compounds and greenhouse gases into the air. In addition, for vehicles powered by internal combustion engines, high levels of carcinogenic impact were obtained, which in the case of the electric vehicles had only a marginal role. The only input-related impact category for which high results were achieved was the exploitation of non-renewable energy sources. The clear difference in the environmental impact between analysed vehicles can be also observed regarding to the unweighted results. Table 2 
Empty runs
Measurements for operating fuel consumption and exhaust gas emissions were also made for journeys made by the selected forklifts with no load. The functional unit was defined in terms of the unloaded vehicle covering a distance of 1 km. The inventory data for these empty runs are presented in Tables 1 and 3 , while a summary of the environmental impact is given below (Fig. 4) . The overall pictures of impact and vehicle classification are similar, as in the case of journeys made with a load. The performance of electric forklifts leads to a significantly lower environmental impact. The ecoindicator result for the averaged scenario is equal to 0.117 mPt/km for the electricity-powered forklifts, 0.845 mPt/km for the forklifts with diesel engines, and 2.024 mPt/km for the forklifts running on LPG. In a similar manner to the results obtained for the journeys with payload, four main areas of negative environmental impact were identified for the empty runs: carcinogens, respiratory inorganics, global warming and non-renewable energy. The detailed results concerning the environmental impact of drives without load can be found in the Electronic Supplementary Material (Table E-the weighted LCIA results expressed as single  score while Table F journeys with and without a load corresponds to the difference in electrical energy consumption. Since in the case of the forklift model ELE2, the same energy consumption was assumed for journeys with and without a load, the indicator results for this vehicle are the same and equal to 0.103 mPt/ km. For the ELE1 vehicle, electrical energy consumption decreases by 3.92 %for an empty run, when compared to a journey with a load, and the same decrease was obtained for the ecoindicator value (0.187 mPt/tkm for a journey with a load and 0.179 mPt/km for an empty run). For ELE3, this difference was 5 % (0.073 mPt/tkm for a journey with a load and 0.07 mPt/km for an empty run).
In the case of vehicles with internal combustion engines, the environmental impact is mainly due to the emission of hydrocarbons and carbon dioxide, as exhaust gases generated during the vehicle's operation. For this reason, the differences in the measured emission levels of these compounds, observed between the journeys with and without payload, determined the ecoindicator results. For the empty runs marked as LPG1, LPG2, LPG3 and LPG4, the ecoindicators obtained were 42.57, 56.42, 56.67 and 79.79 %, respectively, being lower than for the same vehicles' journeys with payload. These values correspond to the differences between measured emissions of carbon dioxide and hydrocarbons for the two types of journey. The situation is similar for the dieselpowered forklifts. In this case, the ecoindicators obtained were lower by 50.86 % (DSL1), 18.47 % (DSL2) and 21.38 % (DSL3). Table 4 
Uncertainty analysis
Measurements of operating fuel consumption and exhaust gas emissions were made in a series of ten cycles for each forklift truck. On this basis, the uncertainty indicators (standard deviation, coefficient of variation) were determined for each inventory element entered into the SimaPro Developer calculating software. Information on the uncertainty of inventory data related to upstream processes (the excavation and processing of oil, the production and transmission of electrical energy) was taken from the ecoinvent database v. 2.2 and used for the calculations. The uncertainty analysis was made using 1000 Monte Carlo simulations, and the results presented in Table 5 were obtained. The coefficients of variation for the ecoindicator results for electricity-powered vehicles were at a level below 35 %, indicating a low dispersion and a good description of the phenomena by the arithmetic mean. In the case of LPG-powered forklifts, higher values for the coefficients of variation were obtained, which could be a result of the higher proportion of exhaust gas emissions involved in generating the overall environmental impact (their measured values for LPG-powered forklifts showed noticeable variations).
Discussion
It is important to investigate the exhaust gas emissions under conditions closer to those of the actual exploitation of forklifts. Tables 1 and 3 show the energy-related inventory data for the operation of the analysed forklifts. In the case of forklifts powered by internal combustion engines, fuel consumption and oxygen and exhaust gas emissions were measured, while for forklifts with electric engines, only electricity use was considered. In the case of forklifts powered by internal combustion engines, the measurements taken with the PEMS analyser were made for a distance of 30 m; a conversion per 1 km-assuming a linear relationship-was then performed as a next step. A linear relationship is usually assumed in LCA assessments (Guinee et al. 2002) , as well as in relation to transport (Spielmann et al. 2007; Ogden and Anderson 2011; Sundvor 2013) . For example, the value of GWP 100a for 1 tkm (1 t × 1 km) of transport by tractor and trailer is 0.312 kg CO 2eq , so the potential impact for 5 tkm (1 t × 5 km) will be five times higher (0.312 kg CO 2eq × 5 = 1.56 kg CO 2eq ) (ecoinvent data v.2.2; method: IPCC 2007).
For most of the measurements, low coefficients of variation were found; only in individual cases for selected parameters were very high values achieved for the variation coefficient. This can be explained by irregular driving. In each case, the forklifts were used by professional operators. These individuals had different levels of experience and approaches to driving the vehicles. Therefore, it would be right to assume that these differences are the result of the human factor, which makes the outcomes correspond even closer to the real conditions of work. The ability to reflect the real operating conditions and the sensitivity to various aspects of the implementation of the transport process are consistent with the specifications for research using devices from the PEMS group.
In the case of internal combustion engine forklifts, the environmental aspects that have a potentially negative impact on the environment are the use of non-renewable fossil fuels and the emission of air pollutants generated as a result of fuel consumption. The fact that, in Table 1 , fuel consumption was introduced as an input from the technosphere means that, when calculating its impact on the environment, all associated technological processes are taken into consideration. In such cases, the use of petrol is related to the mining of the primary energy carrier from the field (cradle), its processing and its transport. The emissions occurring as a result of fuel consumption by the forklift engines fall, from the perspective of LCA, under a different inventory category: so-called elementary flows (ISO 14040 2006) , which are defined as outputs to the environment that are not subject to further processing by man. The harmful components of the exhaust gases are emitted at a small height (removed from the engine by the vehicle's exhaust system); the environmental consequences and human exposure to them occur directly and locally, in the same place and time as the transporting process. The fact that both the fuel consumption and the exhaust gas emission of forklifts with internal combustion engines take place directly on the business premises also brings economic consequences. Table 3 contains only one energy-related aspect of electric forklift use: the usage of electrical energy. From the point of view of electric forklift users, there is no direct consumption of fossil fuels, and no emission of harmful exhaust gas components takes place directly on the premises. If the analysis were limited to the business only, it would be recognized that the utilization of electric forklift trucks is a more environmentally friendly solution. However, according to the LCA method and the fact that electrical energy consumption is an input from the technosphere, to assess its influence on the environment, it is necessary to take into account the entire technological history of the electrical energy's production: from the primary extraction of the fuel resource from the field (cradle), through its processing, transport and use in fuelling the power station, to the transport of the end energy product through the transmission network. In this instance, despite the fact that the emissions created by the fuel burning are not present on the forklift user's premises, they still have an impact in the fuel life cycle and as a result of the processes performed earlier in the supply chain (upstream processes). Thus, the question arises concerning the significance of environmental aspects that have their origin back in the supply chain: during the extraction of the energy sources and the manufacture of transport fuels or electrical energy. It is therefore a question of the environmental impact of the upstream processes. It can be expected that, even though there are no exhaust gas emissions as a direct result of the use of the electric forklifts, some emissions must result from the burning of fossil fuels in the power station; these emissions should be counted into the ecological baggage of electrical energy. The key issue is therefore the energy production infrastructure in a particular country or with a specific provider, from whom the user obtains the electrical energy. In the case of Poland, where 92 % of electrical energy production is based on coal and lignite (Demand for fuels and energy 2009), the energy sector is responsible for significant, economy-wide emissions into the air, the reduction of which is one of the key goals of the Energy Policy of Poland until 2030 (Energy Policy 2009). It should be expected that, if the technological mix of electrical energy production for countries with a higher share of renewable or nuclear energy were taken into account, the environmental indicators for electric vehicles would be even lower.
The primary source of diesel and LPG is crude oil; the indicator for the non-renewable energy impact category is therefore increased for vehicles powered by diesel and LPG, due to this use of fossil fuels. The analysed LPG-powered forklifts used, on average, 2.87 dm 3 per 1 tkm, which corresponds to the extraction of 1.79 kg of oil and 95.56 dm 3 of natural gas. In the case of diesel-powered forklifts, the average usage of fuel stood at 0.81 dm 3 per 1 tkm, which corresponds to the extraction of 0.74 kg of oil and 37.29 dm 3 of natural gas. For that reason, the non-renewable energy indicator result obtained for the LPG average was more than double that of the DSL average. Producing 0.33 kWh of electrical energy (in accordance with the technological scenario for Poland, in which more than 90 % of power comes from coal and lignite) necessitates the extraction of 153.21 g of hard coal, 184.18 g of brown coal, 4.28 dm 3 of natural gas and 3.48 g of crude oil. Such extraction, however, generates much less of an impact in terms of non-renewable energy than the use of raw materials for the production of diesel and LPG.
Despite the fact that the use of electric forklifts does not lead to direct emissions from the exhaust system, the emission of inorganic compounds, greenhouse gases and carcinogens still takes place in the technological history of electrical energy. The production (from cradle to gate) of 0.33 kWh of electrical energy leads to the emission into water of 0.115 mg of aromatic hydrocarbons, as well as 29.06 μg being emitted into air. Moreover, the upstream processes involved in the production of diesel, LPG and electrical energy are responsible for the emission into air of sulphur oxides, particulates <2.5 μm, nitrogen oxides, carbon dioxide and methane. The former elements weigh down the result for respiratory inorganics; the latter, the result for global warming.
Conclusions
The use of LCA method to assess the environmental impact of the use of forklift trucks has at least two main advantages. The first advantage is the possibility to analyse the use of vehicles from the perspective of the life cycle, thus taking into account the direct and indirect environmental aspects and the resulting potential impacts on the environment. This means that not only are aspects taking place directly during the operation of the forklifts evaluated but so are the environmental interventions (the use of resources, emissions into the air, water and soil) that happen during the earlier stages of the fuel or electrical energy life cycle. The life cycle approach allows to assess the environmental impact of internal transportation from the perspective of the product's functionality. The idea of function and the functional unit, as obligatory elements of each LCA study, gives a common basis for a comparative analysis between internal transportation processes carried out during the life cycle of different products. The second essential advantage is that there is a normalized approach for LCA, included in the ISO 14040x group of standards and commonly used in the transport sector.
This LCA study for selected forklifts with different engines was based on the results of measurements of operating fuel consumption and exhaust gas emissions, made with the use of the SEMTECH-DS mobile device from the PEMS group of devices. Measurements were made within a period of several weeks (September/October 2014), in comparable weather conditions and while maintaining identical operating cycles.
The study showed that using an electric forklift to transport 1 t of payload over a distance of 1 km, before performing an empty run covering the same distance of 1 km, generates a significantly smaller environmental impact than using one of the selected forklifts powered by internal combustion engines. The analysis took into account the influences resulting from the upstream processes of fuel and electrical energy production. Even when the Polish production scenario (based almost entirely on fossil fuels) was taken into account, the use of electric forklifts still showed a clear advantage. However, it should be clearly stated that only the energy aspects of forklift operation have been analysed in this LCA study; therefore, the conclusions regarding the less negative impact of electric forklifts can be only drawn in relation to the energy aspects analysed. The work of collecting inventory data relating to other exploitation aspects (the replacement of fluids and parts, repair and maintenance), as well as the production and utilization of the same vehicles, is planned as a continuation of this research, and will be carried out over the next few years. The authors understand that completing the analysis including the construction data (relating to the vehicles' manufacture), as well as the remaining exploitation information, will probably change the obtained results in the quantitative sense. However, the difference in the sizes of the environmental impact of different forklifts, obtained on the basis of the present study, is so large that it can hardly be expected that the infrastructure data will change the results significantly, in the qualitative sense, leading to changes in overall hierarchy. Such a change would be possible if the analysed vehicles differed considerably in their life span, generally understood material construction or the means of final disposal. From the pre-study that has already been carried out by the authors, it is possible to infer that no drastic differences would be revealed by these matters. To sum up, it can be concluded that the measures taken to collect the inventory data related to the life cycles of forklifts, as the most frequently used means of internal transport, can still be identified as a niche area and are worthy of further continuation.
